Introduction
Achieving and maintaining a high performance proton exchange membrane (PEM) fuel cell can be done by a proper water management (a sufficient membrane hydration and effective liquid droplet removal from catalyst layers, gas diffusion layers, and flow channels). Since liquid water is formed frequently on the gas diffusion layer (GDL) surface in the flow channels, liquid water is an important area of research in the PEM fuel cells (1) (2) (3) . Water can be observed in the channels from two sources: 1) condensed water vapour from the inlet gas flow, and 2) water formed from the fuel cell chemical reaction in the reactions sites and transported from the cathode catalyst layer to the gas channels. The behaviour of water droplet in the PEM fuel cell gas channels has been studied through numerical simulation and experimental studies. A number of experimental studies in the literature (4) (5) (6) showed the impact of material characterization on the liquid transport and flooding mechanism inside PEM fuel cells. Two studies (4, 5) investigated the liquid water behaviour in an actual operating fuel cell as a function of channel wall wettability. Different PTFE coatings were applied on the channel wall surface to change its wettability to get a better understanding on the flooding mechanism and through-plane liquid transport. In these studies, a liquid droplet formation was observed on the side walls in a hydrophobic coated channel, while a liquid film layer was formed by water stretch to the entire wall of the surface in a hydrophilic channel. Zhu et al. (6) used a high resolution X-ray imaging system to study the water movement in operating fuel cells with two types of graphite channels, hydrophobic and hydrophilic. After operating the cell for a period of time, different water behaviours were noticed. The surface properties of the channel walls and diffusion layer found to have significant impact on fuel cells water management through their experimental analysis. However, the manufacturing and processing cost can be reduced by using mathematical modelling to investigate the different phenomena in the fuel cell. The volume-of-fluid (VOF) is a mathematical model used to understand the two-phase flow in gas channels because it is unique in the way it tracks the interface between the two phases. This method was developed in the early 1980s ) 7 ( and in the past decade it was a leading method in understanding the behaviour of water droplets in PEM fuel cells gas channels (8) (9) (10) (11) (12) . The wettability effect on liquid droplet behaviour in micro-channels was studied qualitatively by Cai at el. (9) . They found that the hydrophobicity is advantageous in moving the water droplets faster along a surface. However, a hydrophilic side walls are more beneficial to gas transportation from the channel into the MEA for both wettability scenarios, hydrophobic and hydrophilic, of the MEA from a qualitative point of view. On the other hand, Zhu et al. (13) (14) (15) tracked the gas-liquid interface in a three-dimensional flow that included the water emergence into the channel. In their simulation, the MEA layer was neglected and they focused on a straight gas channel with a single pore in the bottom surface to inject liquid water and represent a GDL. In order to reduce computational cost, a small sized domain but representative of the real gas channels in a PEM fuel cell was used. They focused on the geometrical structure effect through a variety of parametric studies to analyse the liquid water behaviour. An analytical study was conducted on water droplet detachment diameter and time, and water coverage ratio with different channel cross-section geometries (13) . Additionally, an analysis was conducted on a simple domain with various GDL contact angles to study its impact on water droplet detachment (14) . Since the water was injected via a single pore, the droplet didn't reach the side wall and the side wall wettability effect was not included in the study. Recently, Zhu et al. (15) carried out more work to study the effect of the side wall wettability on the water droplet behaviour by shifting the pore to the side. They found that the behaviour of the water droplet only depends on the GDL wettability when it is located at the centreline, in addition to achieving the highest pressure drop. On the other hand, shifting the emergence location to the side wall showed more significant effect of the side wall wettability because of the unavoidable water droplet attached to it. In this paper, a quantitative comparison is conducted on different wall and GDL wettability combinations for a flooded straight channel. Nine combinations of wettability have been mathematically solved and analysed. The analysis and comparison have been based on various aspects: 1) the total pressure difference between the inlet and outlet, 2) the amount of water contained in the channel, 3) the amount of water covering the GDL surface.
Numerical Method

Governing Equations
The simulated flow is assumed to be laminar, isothermal for the two phases in the microchannel, air and liquid water, because the range of operating fuel cell current densities correspond to a range of Reynolds number of 0 -2077 (16) . Heat generation and heat transfer are neglected to simplify the problem. Since the water dynamic behaviour is to be studied, the flow is transient. The governing conservation equations for mass and momentum are as follows:
where v �⃗ is the velocity vector, ρ is the density of the fluid, p is the pressure, and F �⃗ is the external force. Both equations are used to govern both the motion of air and liquid water in the flow channel.
A three dimensional numerical model is implemented using the commercial CFD package, FLUENT 13.0.0 (17) with the volume-of-fluid (VOF) method, described in the following section, was used to determine the motion and deformation of liquid water in the channel.
Volume-of-fluid (VOF) method
The VOF method uses a single set of momentum equations that is shared by the two phases. A volume fraction equation is added to track the interface between the phases. A volume fraction coefficient determines if a cell is occupied by a certain fluid (17)
(inside kth fluid) 0 − 1 (at the kth fluid interface) [3] C k is the volume fraction coefficient at the k th fluid, and the sum of the volume fraction coefficient is equal to 1.
The volume fraction equation needs to be solved at all cells in the computational domain
The velocity field for the two-phase mixture in the channel is governed by the momentum equation presented earlier. Only one set of momentum equations are solved with the density and dynamic viscosity being averaged. They are computed, as follows, to account for the variable volume fractions of the two-phase air-water system considered here.
where subscripts 1 and 2 represent the two phases, air and water, respectively. Surface tension is accounted for and expressed in terms of the pressure difference across the interface. It is dependent on the surface tension coefficient, and implemented in the momentum equation as a body force:
where ∆P is the pressure jump across the surface, σ is the surface tension coefficient, and R is the radius of the surface curvature. The curvature κ k is computed from local gradients in the surface normal at the interface n �:
where n � is the unit vector normal to the interface between two phases near wall, n � w is the unit vector normal to the walls, t̂w is the unit vector tangential to the walls, and θ w is the static contact angle at the wall where the contact angle is the angle at which a liquid/vapour interface meets a solid surface. If it is small, the liquid drop will spread on the surface; if it is large, a liquid drop will bead up. The importance of the surface tension and gravitational force can be determined using dimensionless quantities, the Capillary number, the Weber number, and the Bond number. The capillary number, Ca, represents the relative effect of viscous forces to surface tension
Weber number, We, represent the relative importance of the fluid's relative inertia, or kinetic energy, to the surface tension and may be written as follows:
Bond number, Bo, represents the relative importance of surface tension compared to body forces, as follows:
The water injection diameter D is used as the characteristic length with the density, viscosity, and surface tension coefficient of water. In the current simulations of the micro-channel conditions, the values for the above dimensionless numbers are Ca = 1.4 x 10 -2 , We = 0.7, and Bo = 3.4 x 10 -4 . The low values of Ca and We numbers indicate that the surface tension dominate over viscous force and relative inertia which impose its importance. The low Bo indicates that the gravitational force is negligible.
The computational mesh and domain
The commonly used shape of fuel cell gas channels is rectangular. The bottom wall represent a GDL while the other sides' represent the walls of a fuel cell gas channel. The computational domain used in this study is shown in Figure 1 . The domain is 0.25 mm x 0.25 mm in cross section with a length of 1.50 mm (18) . With water emerging via three pores from the GDL, air flow into the channel from one end to another. The pores are 0.05 mm in diameter, which is an accepted average of different GDL pore sizes (18, 19) . The computational mesh used in all simulations is orthogonal with a total number of 97,812 cells in all cases. A grid dependence analysis was conducted on the mesh by changing the number of cells by 25% and 40% on the case of 45˚ wall contact angle and 135˚ GDL contact angle as well as changing the time step and they all showed a similar water droplet behaviour.
Boundary and Initial Conditions
All calculations have been conducted here have the same boundary and initial conditions. Both the channel air and water pore inlet conditions have uniform velocity profiles. An outflow boundary condition was chosen for the channel outlet as the details of velocity and pressure were unknown at that location. The no-slip boundary condition (20) was imposed along the walls of the channel with specified surface tension and contact angle. For different wettabilities, different contact angles were assigned. Different contact angles result in different surface tension forces influencing the behaviour of water transport. The surface tension of water in contact with air is 0.0725 N/m (21) while the contact angles were varied according to Table 1 . The calculated inlet values are 10 m/s of air flowing with a uniform velocity from the channel inlet and 1 m/s of water injected with a uniform velocity from each pore on the GDL surface. The velocities correspond to Reynolds numbers of 160 and 50, respectively. The order of magnitude of air velocity is of the same order as flows encountered in automotive fuel cells stacks (22) . The order of magnitude of water injection is of the same order used in ex-situ fuel cell experiments and corresponds to operation under high current density and water production rates (23, 24) .
Result and analysis
The calculations are performed until the water starts to exit the computational domain for all wettability combinations. This is made in order to show any cyclic or continuous behaviour of the water dynamic motion and determine the duration that the water takes to exit the domain. The simulation was performed for an integration time of 3.5 ms. The results from all calculations are compared based on three criteria that may affect the humidity of the air flowing in the channel and the speed of water movement along the channel for their importance on fuel cell performance, although heat transfer and humidity phenomena are not included in the simulations. Moreover, the motion and behaviour of water in the channel will be presented for different wettability scenarios.
Water droplet behaviour
Observing the water dynamic behaviour for different scenarios would make the understanding of pressure drop and water existence in the channel easier later in the analysis. The dynamic behaviour of water for three wettability scenarios is presented in Tables 2 where the wettability is for all four surfaces. Beaded water droplets are formed in the hydrophobic scenario while spread-out water droplets are formed in the hydrophilic scenario. The spreadout droplets coalesce faster than beaded droplets which can be seen after 1 ms where the hydrophilic and moderate scenarios' water droplets are coalesced while the hydrophobic scenario's water droplets are not coalesced yet. Furthermore, the spread-out allows the water to reach the side walls faster. The beaded water droplets cover more of the cross-section area than the spread out water droplets. Higher cross-sectional area coverage leads to higher pressure drop and faster water removal. It can be grasped that as time progress more water is removed in the hydrophobic scenario than the hydrophilic scenario. Moreover, different wettability scenarios show different water droplet behaviours as time progress where the hydrophilic scenario has water film layer formed, the moderate scenario has wavy droplets formed, and the hydrophobic scenario has beaded water droplets formed. Each type of water droplet formation will show its impact in the next section on pressure drop and water existence in the channel. 
ms
Pressure drop
The pressure drop is the difference of the average-area total-pressure of air between the channel inlet and outlet. The total-pressure is calculated for each cell at both inlet and outlet boundaries. The pressure is averaged for all the cells at a surface to get the final pressure. The pressure drop is then calculated by finding the difference between the inlet and the outlet values. Figure 2a gives a comparison of pressure drop of air flow between the inlet and outlet of the micro-channel for the general cases with different GDL wettability. For the hydrophobic case the air flow pressure drop is the highest among three cases because water volume forms droplets and blocks the air flow due to the surfaces high contact angle. It drops back after the detached coalesced droplet moves out of the channel. Afterward, another coalesced droplet is formed making a cyclic behaviour. For the moderate case the air flow pressure drop is significantly lower than the hydrophobic case however it still gives a cyclic behaviour because water volume forms wavy droplets that block less of the air flow. For the hydrophilic case the air flow pressure drop is the lowest because water volume forms a slug on the GDL due to the surface low contact angle and it has continuous pressure drop behaviour. Figure 2b,c,d shows the effect of wall wettability on the pressure drop between the inlet and the outlet of the micro-channel for different GDL wettabilities (i.e. hydrophilic, moderate, and hydrophobic). Figure 2b shows that for a hydrophilic GDL the change in wall wettability is insignificant as the pressure increases continuously as time progresses until a water film layer is formed on the GDL surface where the average pressure drop is ~500 Pa. Figure 2c shows a random cyclic pressure drop behaviour for a moderate GDL with all wall wettabilities. The formation and continuous movement of wavy droplets causes the random cyclic behaviour of the pressure drop where the average peak pressure drop is ~700 Pa. Figure 2d shows a cyclic behaviour of pressure drop in a micro-channel with a hydrophobic GDL, in addition to a more significant role to wall wettability compared to the other GDL wettabilities. The pressure drop increases when the micro-channel is blocked due to water droplets coalescence and since the GDL is hydrophobic the droplets are moved easily by the gas flow. The first coalesced water droplet for a hydrophilic wall experience the highest pressure drop because of the wall attraction to water that makes it to spread on the microchannel cross-section. The second coalesced water droplet for a hydrophilic wall doesn't experience as high pressure drop because of water hysteresis that causes it to spread along the walls as soon as the droplet is coalesced. On the other hand, for a hydrophobic wall the second coalesced water droplet causes a higher pressure drop than the first coalesced water droplet because of more water content from the first water inlet due to an early previous droplet detachment. The figure (cf. Figure 2c) shows an average peak pressure drop of ~2000 Pa. Figure 2 . Pressure drop in the channel, a) different contact angles for all surfaces, b) different wall contact angles for hydrophilic GDL, c) different wall contact angle for moderate GDL, and d) different wall contact angle for hydrophobic GDL.
Water in the channel
Water in the channel is the amount of water contained in the domain at a specific time. It is calculated by dividing the number of cells containing water at a specific time by the total number of cells in the domain. The amount of water in the channel represents the amount of water trapped in the channel due to the surfaces' wettability which may affect the humidity level in the gas channel. It is also necessary to work out any relation to the water discharge time. Figure 3a gives comparison of water in the channel for the general cases of different GDL wettability. The hydrophobic and moderate scenarios are almost the same with the moderate scenario occupying more volume of the channel due to the slower movement of the wavy droplets and the neutral contact angle of both the GDL and wall. For the hydrophilic case water occupies the most among three cases because water spread out on all surfaces due to the low contact angle, moreover, It has been noticed that the time of the drop in water content is also the time when water move out of the channel. Figures 3b,c,d show the effect of wall wettability on the amount of water in the microchannel for different GDL wettabilities (i.e. hydrophilic, moderate, and hydrophobic). Figure   3b shows for a hydrophilic GDL the change of wall wettability from hydrophobic to hydrophilic increases the water in the channel from 16% to 18% which is the highest among the three scenarios; furthermore the water takes longer to leave the channel as the wall wettability is changed from hydrophobic to hydrophilic. Figure 3c shows for a moderate GDL the water still takes longer to leave the channel as the wall wettability is changed from hydrophobic to hydrophilic, however water occupy less of the channel compared to the hydrophilic GDL scenario (i.e. 10.5% to 12%). Water occupies more of the channel in the second coalesced droplet for a hydrophilic wall because of water remaining on the wall from the previous droplet. For a hydrophobic GDL (cf. Figure 3d ) it takes the same duration for the water to start moving out of the channel and the wall wettability doesn't the highest water occupancy especially for the first coalesced droplet (i.e. 11%). Water on the GDL Water coverage of the GDL is the area of the GDL that is covered by water. It is calculated by dividing the number of cells containing water on the GDL surface by the total number of cells forming the GDL surface. Even though the GDL was treated as a solid surface in the simulation, the water coverage could be used to understand the amount of water covering the GDL and might diffuse back into the MEA. Figure 4a gives comparison of water on the GDL for the general cases of different GDL wettability. For the hydrophobic case water cover the least among three cases because of droplet formation due to high surfaces contact angle. Cyclic behaviour is observed where the coalesced droplets move out of the channel when the water volume fraction drops. A random continuous behaviour is observed for the moderate case with water volume fraction in between the other two cases. For the hydrophilic case the water on the GDL, which is the highest among three cases, increases as time progresses due to low GDL contact angle and a continuous behaviour is observed. Figure 4b,c,d shows the effect of wall wettability on the amount of water on the GDL for different GDL wettabilities (i.e. hydrophilic, moderate, and hydrophobic). Figure 4b shows the water on the GDL for the hydrophilic GDL where the hydrophobic wall scenario has the highest water coverage due to the water being rejected from the wall for its high contact angle, furthermore, since a film layer is formed due to the low contact angle of the GDL the water covers the highest among the three scenarios. Figure 4c shows a random behaviour of the water on the GDL for a moderate GDL where the hydrophilic wall has the least variation water covering the surface and the moderate and hydrophobic wall have a similar behaviour. The water on the GDL for a hydrophobic GDL (cf. Figure 4d) has a cyclic behaviour with the moderate wall having the highest water content due to the wall contact angle that doesn't move the water away from the GDL toward the wall nor toward the centre of the channel. The hydrophilic wall has the lowest water covering the GDL because the low wall contact angle move the water toward the wall corners as soon as it reaches the wall surface. Figure 4 . Water fraction on the GDL surface, a) different contact angles for all surfaces, b) different wall contact angles for hydrophilic GDL, c) different wall contact angle for moderate GDL, and d) different wall contact angle for hydrophobic GDL.
Conclusion
A numerical study has been conducted to examine the effect of different sidewall wettability combinations on the dynamic behaviour of water droplets in an air micro-channel with water injections representing a PEM fuel cell gas channel. Three-dimensional CFD modelling was used for the study incorporating the volume-of-fluid method to track the two-phase interface. Three pores on one surface were used to inject water into the micro-channel. Three contact angles were chosen to represent different wettabilities for the wall and GDL. A total of nine simulations were conducted and compared. The main findings from this study are:
• Different combinations of contact angles show different patterns for the pressure drop, water occupancy in the channel, and water coverage on the gas diffusion layer.
• Three main patterns of pressure drop and water volume fraction covering the GDL were observed in the results, continuous, random cyclic and uniform cyclic. The uniform cyclic pattern, which was noticed in the hydrophobic GDL scenario, is more useful for a periodic purge to remove water from the gas channel than the other observed patterns.
• The GDL wettability has a greater impact on the water droplet speed and distribution on the different channel surfaces than the wall wettability.
• In terms of pressure drop, the increase in GDL contact angle leads to beaded water droplet formation that blocks air flow through the micro-channel. The blockage causes an increase in the pressure drop along the micro-channel.
• In terms of water occupancy in the channel, the hydrophobic and the moderate GDL scenarios showed a similar pattern and similar water occupancy ratio; however, the hydrophilic GDL had a noticeable different pattern and higher water occupancy. Furthermore, when the wall wettability effect was investigated for each GDL wettability, the hydrophilic wall always showed the highest water occupancy.
• In terms of water coverage on the GDL, the hydrophobic GDL had the least water coverage. When the wall wettability effect was investigated for each GDL wettability, the hydrophilic wall scenarios always have the least fluctuation for the cyclic patterns.
